Introduction
Metalloporphyrins are functional materials with extensive applications in catalysis, solar energy conversion and biological systems. [1] [2] [3] [4] [5] In these systems, porphyrin molecules are often in a solution environment, in which self-association can lead to different types of non-monomeric species. The differences in solvation and solute-solute interactions will consequently affect the functionality of metalloporphyrins, requiring studies of speciation in solution to further our understanding of their functionality. For example, iron protoporphyrin IX chloride (FePPIX-Cl, or hemin, Figure 1a ) forms monomer species when dissolved in dimethyl sulfoxide (DMSO), while dimer structures are present in aqueous solution. [6] [7] [8] [9] It is known that the electronic structure of hemin, especially the local electronic structure at the Fe center, which often serves as the major functional site, is altered due to dimerization. [7] Hemin oligomer species in various solvents have therefore been investigated previously by UV-Vis spectroscopy and X-ray absorption/emission spectroscopy (XAS/XES) at the Fe L-edge, [6] [7] [8] [9] although the nature of the probed electronic transitions implied that the hemin intermolecular bonding interactions were probed rather indirectly. UV-Vis measures overlapping valence excitations of all components in the hemin solution, without differentiation between contributions from solute, solvent or solute-solvent interactions. The lack of exclusive probing of the π-π interactions expected for hemin dimerization left some ambiguity in the interpretation of the UV-Vis data. [9] XAS/XES measurements at the Fe L-edge, on the other hand, represent a local probe sensitive to the electronic structure changes at the Fe sites induced by hemin dimerization. [7] However, the information obtained for the dimerization is still fairly indirect, since hemin dimerization is primarily driven by π-π stacking of porphyrin rings, without intermolecular bonding by the Fe center, as illustrated in Figure 1b . [7] [8] [9] The characteristic L-edge features at the Fe sites [7] do of course depend on their interaction with the N moieties of the porphyrin ring, but the Fe center in hemin is also coordinated by a chloride ligand. Moreover, there is a sixth vacant coordination site perpendicular to the porphyrin plane, available for possible coordination by molecules from the solvent. Even though contributions of Fe-solvent interaction have been determined to be insignificant, [7] they cannot be completely excluded. It is therefore 3 difficult to unravel the different types of interactions at the Fe site for obtaining unambiguous information about the π-π interactions underlying dimerization.
Locally probing the N valence orbitals is expected to be a more explicit way of probing hemin dimerization, or the extent of hemin intermolecular interactions in general.
The N moieties are part of the porphyrin ring and thus part of the valence system directly involved in the π-π stacking. Each N atom embedded in the porphyrin ring is fully coordinated with the metal center and C atoms of the porphyrin and consequently there is much less scope for strong interaction with solvent molecules. We have therefore targeted the local electronic structure at the N moieties through X-ray absorption/emission spectroscopy (XAS/XES), to obtain electronic structure information about the unoccupied and occupied valence states of hemin in solution. [5, 10, 11] We will show that solvent-dependent XA/XE spectral differences at the N K-edge are observable, and certain XA features are identified as spectral characteristics associated with the extent of hemin intermolecular bonding.
DMSO and 0.5 M NaOH aqueous solution were chosen as solvents to dissolve hemin powder as in previous studies. These solutions contain hemin monomer and dimer species, respectively. [6, 7] The high pH value (from NaOH) of the aqueous solution increases hemin solubility in water, but adds potential additional complexity due to formation of the carboxylate anionic form in basic solution, as shown in Figure 1c .
However, because the carboxylate groups are not conjugated with the π system of the porphyrin ring their influence on the N K-edge is expected to be minor, in contrast to the recently presented N K-edge spectra of para-aminobenzoic acid in solution, where the amine nitrogen felt the direct influence of the carboxylate group as both were part of the delocalised π system of the aromatic ring.
[12]
Experimental Methods
Hemin (iron protoporphyrin IX chloride, FePPIX-Cl) powder from bovine (purity > 90%) was purchased from Sigma-Aldrich, and further dissolved in 0.5 M NaOH aqueous solution and dimethyl sulfoxide (DMSO) solvent to make 0.1 M and 0.05 M hemin solutions, respectively. The hemin solutions were introduced into a vacuum chamber by liquid micro-jet technique for the X-ray measurements. [13, 14] Possible sample damage by mbar. The incident photon energy was tuned to the N K-edge, and the N 2p → 1s transition was selected for the detection of the emitted photon from both liquid and solid samples, giving rise to the XE spectra. Integration of a series of XE spectra acquired at various excitation photon energies over the emitted photon energy delivers one XA spectrum, which is referred as XAS in partial-fluorescence-yield (PFY) mode.
Theoretical Calculations
The DFT calculations were conducted with the ORCA program package [15] to obtain the molecular orbital (MO) information of the hemin molecule in gas phase in the ground state. [6] Molecular geometry optimization was performed using the B3LYP DFT method together with the def2-TZVP(-f) basis set. [16] [17] [18] The N contributions to both occupied and unoccupied valence MO are acquired from Löwdin population analysis based on the DFT 5 calculations. [19] A Gaussian-type broadening of 0.5 eV with the respective weight (according to the N contribution) is applied to each valence MO and then summed up, to simulate the XA/XE spectra obtained at the N K-edge.
Results and Discussion
The obtained PFY-XA and XE spectra of hemin in DMSO (monomer) and in 0.5 M NaOH aqueous solution (dimer) are shown in Figure 2 as blue and red traces, respectively, along with the difference plot (black trace in the left panel) obtained from the subtraction of the monomer XA spectrum (blue) from that of the dimer (red). The XA spectra of the two hemin oligomer species are very similar but on closer inspection three regions with significant spectral differences can be identified, indicated by the three color-highlighted areas of the difference plot. The intense absorption feature at 398.5 eV, which represents the lowest unoccupied molecular orbital (LUMO) at the N sites, is associated with the porphyrin nitrogen in a N-Fe environment. [20, 21] Such a low-lying energy feature is, therefore, completely absent in small metal-free N-containing molecules. [12, 22, 23] The metal-free porphyrin (2HTPP) usually has the first N absorption feature located more than 1 eV below the metal-N peak with much reduced intensity, arising from the inequivalence of the N species in the absence of the metal centre, leading to iminic =N− and pyrrolic −NH− nitrogen. [20, 21] The slight energy shift between the two absorption edges at around 398 eV is made evident by the blue-highlighted area in the difference plot, which actually indicates a broadening, instead of an energy shift, of the first absorption feature for the hemin dimer species since its peak position at 398.5 eV does not exhibit observable shift when compared with that of hemin monomer (the broadening effect is discussed below). Nonetheless, the N−Fe features of the two hemin species are in general very similar, which is in line with the similarity of the LUMO observed in the Fe L-edge XA spectra, [7] indicating that the N−Fe bonding is not strongly influenced by the dimerization process, or affected by the different solvents significantly.
The absorption features at 400-403 eV (green-highlighted) originate from N π* orbitals as N is part of the aromatic ring system, while the arising absorption edges at the brownhighlighted area are in the region of the ionization potentials (IPs). [12, 22] The N π* orbitals 6 and IP thus exhibit distinguishable characteristics for different hemin solutions. The exact origins of these differences will be discussed in detail for Figure 3 induced by hemin dimerization. [7] Different degrees of orbital delocalization (or localization) in the two hemin oligomer species also lead to the elastic peaks with different intensities. The elastic peak of each red XE spectrum (hemin dimer) in Figure 2 shows higher intensity than the blue trace (hemin monomer) when the excitation energy tuned to the corresponding absorption peaks, indicating higher cross-sections of the N 2p → 1s transition for hemin dimer. It can be argued that the higher degree of orbital localization in hemin dimer preserves a density of states (DOS) with the p character of the N 2p orbital better than in the hemin monomer, resulting in more dipole-allowed 2p → 1s transitions. If the N 2p orbitals mixes more with Fe 3d orbitals, lower transition probability is expected since lower DOS with p character is present at the N sites due to the higher extent of N 2p orbital delocalization in the hemin monomer.
The more intense elastic peak and better resolved emission features in the N XE spectra of hemin in aqueous solution could be regarded as an indicator of hemin dimerization, similar to the observation of the local energy gap opening at the Fe L-edge used to indicate the hemin dimerization. [7] However, unlike the local gap opening at the Fe L-edge that involves the energy shift of the characteristic spectral feature, these observed spectral differences in the N XE spectra only contain intensity variations. Signal The most striking difference between the solid state and the solution spectra is the considerable broadening of almost all the spectral features in the solid state spectrum. This is likely due to the extensive orbital overlapping in the solid state [24, 25] and was also somewhat evident in the previous study of aminobenzoic acid. [12] Self-absorption distortions of the spectrum from the more dense solid state may also contribute to the observed broadening of features. This solid state broadening makes the component A, originating from the N-Fe interaction as discussed in Figure 2 , and component B resolvable in Figure 3a and 3b after the Gaussian fitting appear to be irresolvable in Figure 3c . The feature B may stem from a multi-electron excitation, e.g. a shake-up satellite to feature A, or reflect an electronic state that originates from solute-solvent interactions since the ground state calculation (vertical bars at the bottom of Figure 4) does not give rise to any molecular orbitals in this energy region. Feature A keeps relatively similar peak widths in Figures 3a and 3b because the N-Fe interaction is not directly involved in the dimerization process. However, its broadening in Figure 3c suggests that the hemin oligomer species in the solid form may adopt different forms of intermolecular bonding that may involve the N-Fe interaction to some extent.
Components C and D, constituting the green-highlighted difference in Figure 2 , exhibit monotonic energy shifts from the monomer (Figure 3a) to the dimer (3b), and appear to be even lower in the solid (3c). It seems that these features are associated with the Alternatively, a final state effect may contribute, perhaps reflecting differences in valence charge relaxation upon core-hole formation, analog to the relaxation shift of CO molecules going from gas phase to solid state observed in photoelectron spectroscopy. [26] However, recent studies of bipyridine acid salts and co-crystals indicated that the effect of final state effects on the relative positions of π* features are negligible, even when comparing bipyridine nitrogen species in very different local chemical environments. [27] Further inspection into the individual components C and D uncovers that the feature C remains roughly constant in peak width from Figure 3a to 3c, while the feature D becomes broader and relatively more intense upon hemin aggregation. The mechanism of this distinct peak evolution is likely due to the different extents of the orbital involvement in the hemin intermolecular bonding interactions which will be discussed in detail for 
